Food safety concerns have been raised over vegetables and herbs grown in aquaponics and hydroponics due to the reuse of wastewater and spent nutrient solutions. This study was conducted to determine the occurrence of foodborne pathogens in greenhouse-based aquaponic and hydroponic systems. Fish feces, recirculating water, roots, and the edible portions of lettuce, basil, and tomato were collected at harvest, and microbiological analyses were conducted for the bacterial pathogens Shiga toxin-producing Escherichia coli (STEC), Listeria monocytogenes, and Salmonella spp. Enrichments and selective media were used for the isolation, and presumptive positive colonies were confirmed by PCR. STEC was found in fish feces, in the water of both systems, and on the surface of the roots of lettuce, basil, and tomato regardless of the system. However, contaminated water did not lead to the internalization of STEC into the roots, leaves, and/or fruit of the plants. Meanwhile, L. monocytogenes and Salmonella spp. were not present in any samples examined. Our results demonstrated that there are potential food safety hazards for fresh produce grown in aquaponic and hydroponic production systems.
Introduction
Food safety has become an important issue in fresh produce production worldwide due to many factors such as importation of fresh produce from various countries, potential sources of bacterial pathogens from the growing environment, and inappropriate domestic food preparation [1, 2] . Nearly 48% of foodborne outbreaks are linked to the consumption of fresh fruits and vegetables [3] . The apparent number of outbreaks associated with Escherichia coli O157:H7, Listeria monocytogenes, and Salmonella spp. has increased in recent years [4, 5] largely due to improved detection methods and traceback procedures following an outbreak [6] [7] [8] .
In the United States, the Centers for Disease Control and Prevention (CDC) estimates that one in six people experience a foodborne illness every year [9] . From 2009 to 2015, the Foodborne Disease Outbreak Surveillance System (FDOSS) received reports of 344 outbreaks (27%) and 2288 illnesses (9%) associated with aquatic animal consumption and 334 outbreaks (26%) and 9746 illnesses (37%) associated with vegetable consumption in the United States and Puerto Rico [10] . Outbreaks caused by E. coli O157:H7, L. monocytogenes, and Salmonella spp. were responsible for 4241 hospitalizations (82%) and 117 deaths (82%) [10] . According to a recently released annual summary from FDOSS [11] , fruit and vegetable crops were in the top five pathogen-category pairs resulting in outbreak-associated illnesses in 2017, and 32 outbreaks (14%), 919 illnesses (25%), and 205 hospitalizations (51%) were associated with vegetables. Shiga toxin-producing E. coli (STEC) were responsible for 110 illnesses
Materials and Methods

System Design
Six experimental units were operated in a greenhouse in West Lafayette, IN (lat. 40 • N, long. 86 • W), which consisted of three aquaponic and three hydroponic systems. Each unit was equipped with a fish tank, or a nutrient reservoir (350 L), a clarifier (20 L), a two-stage biofilter (40 L) [21, 31] , and a deep-water hydroponic grow bed (350 L; 1.0 m 2 ). A month before the study, systems were filled with reverse osmosis water. Nile tilapia (Oreochromis niloticus L.) fish were obtained from the Animal Sciences Research and Education Center at Purdue University, which had been cultivated in a conventional aquaculture system for 4 months. Fish fresh weight was measured (an average of 300 g per fish) and evenly distributed to three different fish tanks with a stocking density of 20 kg/m 3 in each aquaponics system. The pH of the aquaponic systems was maintained at 6.5 to 7.0 using a combination of KOH and Ca(OH) 2 . The biofilter was connected to a peristaltic pump (Masterflex, Cole-Parmer, Chicago, IL, USA) to recirculate nutrient solution within a system unit. In each hydroponic system, the nutrient solution reservoir and hydroponic culture unit were filled with reverse osmosis water blended with the nutrient stock solution (CropKing, Lodi, OH, USA) at a 1:100 dilution rate which was used as initial and follow-up daily replenishment for leafy vegetable and herb crops and fruit vegetables. The electrical conductivity (EC) was maintained at 2.0 dS/m by adding and replenishing nutrition solution daily, and the pH of hydroponics was adjusted at around 6. The total water volume in both aquaponic and hydroponic systems was 700 L with a flow rate of 138 L/h, giving a water retention time [(surface area × water depth)/flow rate] of 5 h in the hydroponic culture unit of each system (Figure 1 ). Aquaponic solution or nutrient solution flowed through the hydroponic culture unit of each system and back to the fish tank or reservoir. Each aquaponic and hydroponic system had air stones to maintain dissolved oxygen (DO) concentrations at full saturation, and aquatic heaters were set in the aquaponic systems to maintain the temperature in the range of 25 to 28 • C. Water temperature, pH, EC, and DO were measured daily using the HQ40d Portable Water Quality Lab Package (HACH Corp., Loveland, CO, USA). Total ammonia nitrogen, nitrite, and nitrate concentrations were analyzed immediately using HACH reaction kits (Hach Co., Loveland, CO., USA), namely Ammonia Reagent Powder Pillows, Nitrite Reagent Powder Pillows, and Nitrate Reagent Powder Pillows, respectively. The same water samples were used to confirm the concentrations of nitrogen species by ion chromatography (Dionex ICS-5000, Thermo Scientific, Waltham, MA, USA).
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Plant Materials and Growing Conditions
Three crops were tested: lettuce (Lactuca sativa), basil (Ocimum basilicum), and tomato (Solanum lycopersicum). Seeds were purchased from a commercial source (Johnny's Selected Seeds, Winslow, ME, USA) and sown in Agrifoam soilless plugs (SteadyGROWpro, Syndicate Sales, Kokomo, IN, USA) with a few day intervals to ensure uniform seedling size at the time of transplanting. Seeds were germinated as described by Kim et al. (2018) , and 2 to 3 weeks old seedlings were transplanted to aquaponic and hydroponic systems. Planting densities were 24 plants per m 2 for lettuce and basil and 8 plants per m 2 for tomato. During the study period, the fish were fed 60 g of a complete diet (41% protein, 1.1% phosphorus) with 4.8-mm floating pellets (AquaMax Sport Fish 500, Purina Mills, St. Louis, MO, USA) at 9:00 a.m. daily. The experiment was conducted between December 2017 and February 2018. The photoperiod was 14-h (8:00 a.m. to 10:00 p.m.) consisting of natural daylight with supplemental lighting using high-pressure sodium (HPS) lamps (600-W, P.L. Light Systems Inc., Beamsville, ON, Canada). The supplemental photosynthetic photon flux (PPF) of the greenhouse was 
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Plant Sample Collection and Microbial Isolation
Leaf and root samples of lettuce and basil were collected at 30 and 60 days after transplanting, respectively, while fully ripe tomato fruit and root samples were collected at 60 days after transplanting. A total of six biological replicates (each with three technical replicates) were collected from each plant source in both the aquaponic and hydroponic systems. To investigate surface contamination, plant samples were blended with peptone water for 15 s without any surface-sterilized procedure. To examine if the bacteria of interest were able to internalize within the plant tissue, plant samples were surface-sterilized to remove surface-located bacteria using 0.1% sodium hypochlorite for 10 s followed by sterile water for 30 s. This procedure was repeated 3 times for each sample. A total of 5 g of fresh produce was blended with 45 mL of buffered peptone water (PW; Difco, Detroit, MI, USA) in a 50 mL centrifuge tube, allowing the sample to be completely homogenized [32] [33] [34] . The homogenized samples were then incubated at 37 • C for 6 h to allow for the recovery of the bacteria and potential enrichment. The samples were then serially diluted, and 0.1 mL was spread plated in duplicate on MacConkey agar with sorbitol, cefixime, and tellurite (CT-SMAC) agar (Becton, Dickinson and Company, Franklin Lakes, NJ, USA), Oxford Listeria-selective agar (Becton, Dickinson and Company), and Xylose Lysine Tetrathionate 4 (XLT4) agar with supplement (Becton, Dickinson and Company) for the selection of E. coli O157, L. monocytogenes, and Salmonella spp., respectively [33, 34] . Plates were incubated for 24 h at 37 • C for the isolations of E. coli O157 and Salmonella and for 48 h at 30 • C for the isolation of L. monocytogenes ( Figure S1 ).
Microbial Detection in Water and Fish Feces Samples
Water samples were collected immediately after crop harvest. Each sample was randomly collected from two duplicate systems with a total of six biological replicates (each with three technical replicates) from each system. Fish feces were collected from the clarifier tank where most solid waste was found, and excess water was carefully drained.
A separate fish-growing system was constructed to confirm if the fish feces were the source of contamination in aquaponics. Tilapia (2.5 kg per tank) were placed in a fish tank (125 L) filled with 50 L reverse osmosis water and grown for two weeks. Approximately 20% of the water was replaced daily to maintain water quality. Fish feces were collected from the fish-growing system.
A 20 mg fish feces sample from each system was mixed with 180 µL water and vortexed for 15 s. Water samples and fish feces samples were plated after collection without enrichment. The water samples and fish feces samples were serially diluted and spread plated as described above in duplicate on CT-SMAC agar (Becton, Dickinson and Company, Franklin Lakes, NJ, USA), Oxford Listeria-selective agar (Becton, Dickinson and Company), and XLT4 agar with supplement (Becton, Dickinson and Company) for the selection of E. coli O157, L. monocytogenes, and Salmonella spp., respectively.
PCR Assay for Detection of Virulence Genes
A total of 90 isolated colonies each from presumptive positive STEC and Salmonella spp. cells (no presumptive L. monocytogenes positive colonies were isolated) were picked into 20 µL of distilled water and then heated to 90 • C using a dry heat bath (Benchmark Scientific Inc., Edison, NJ, USA) for 5 min. PCR was then performed to amplify the stx1 gene from E. coli O157 [35] and the iroB gene for Salmonella spp. [36] (Table 1) . A total of 5 µL samples of the PCR product was mixed with 1 µL of 6× DNA safe stain loading dye (Bullseye DNA Safe Stain C138, MIDSCI, St. Louis, MO, USA) and loaded into a 1% agarose gel (H26855 Agarose D1-LE, Thermo scientific, Co. Ltd., USA) in 50 mL of 1× TAE buffer (Tris-acetate-EDTA, Thermo scientific, Co. Ltd., USA). The gel was run at 110 V for 35 min. using a PowerPac TM Basic Power Supply (Bio-Rad, Hercules, CA, USA). The gel was then imaged using a Gel Doc EZ Imager (Bio-Rad, Hercules, CA, USA). 
Experimental Design and Data Analysis
Treatments consisted of two production systems and three plant species and were arranged in a completely randomized design. Six plants per system were randomly chosen as biological replicates, and three subsamples (technical replicates) per plant were taken for the analysis of bacterial pathogens. Mean separation within each measured parameter was performed by Tukey's honestly significant difference (HSD) test at p = 0.05 using R 3.6.1 (R, Comprehensive R Archive Network, USA, http://cran.us.r-project.org/).
Results and Discussion
Water Conditions for Aquaponic and Hydroponic Systems
The water quality parameters in the aquaponic and hydroponic systems are shown in Table 2 . The aquaponics water temperatures averaged 27.5 ± 1.4, 25.9 ± 1.2, and 27.5 ± 1.7 • C for lettuce, basil, and tomato, respectively, and the hydroponics averaged 20.3 ± 1.2 • C. Tilapia is a tropical fish that can grow in a wide range of temperature from 22 to 34 • C; however, the feed conversion ratio, fish weight gain in relation to feed consumption, and daily weight gain of tilapia are known to be better at temperatures between 26 and 30 • C [37] . The pH values averaged 6.7 ± 0.5 and 5.7 ± 0.5 in the aquaponics and hydroponic systems, respectively ( Table 2 ). There were no significant differences between aquaponic and hydroponic systems in EC levels and nitrogen species concentrations, which averaged 1.2 ± 0.5 and 1.6 ± 0.1 and 72.9 and 76.6 mg/L, respectively. The average DO level was significantly lower in aquaponics (6 mg/L) than in hydroponics (10 mg/L), although it was maintained at full saturation in both systems.
It is well-documented that environmental factors, such as temperature, pH, nutrient availability, and DO, affect bacterial populations [2, 3, 38, 39] . Bacterial pathogens survived for a longer time (up to 91 days) at cold (4−8 • C) and freezing (−4 • C) temperatures than at warmer (20−30 • C) temperatures (up to 84 days) when river water and sterilized soil were inoculated [40] . E. coli, L. monocytogenes, and Salmonella sv. Typhimurium can survive in animal waste at 28 • C during anaerobic digestion [41] , and the population can be affected by the interaction between temperature and pH [42] . Environmental factors in our study were similar between aquaponics and hydroponics, and, therefore, the differences in temperature and pH between aquaponic and hydroponic systems are not likely to have affected the population of bacteria between the systems. For example, the pH values in aquaponic and hydroponic systems were 6 and 7 which are in the optimal ranges of 6 to 9 for enteric pathogens [43] [44] [45] , and at pH 6, the population densities of E. coli O157:H7 have been reported to be the same at 20 and 30 • C [46] . EC is a common indicator of soluble salts dissolved in a nutrient solution because soluble salts carry an electrical charge, and their presence affects the EC of the solution. The availability of nutrients (e.g., nitrogen) and energy sources is a key factor affecting the survival of bacteria in the environment [3] . It has been demonstrated that the viability of E. coli O157:H7 is increased in nutrient-rich soils [47] . Since the high level of nutrients in the hydroponic solution is also ideal for the growth of bacteria, the irrigation water containing a high concentration of nutrients poses the biggest contamination risk in soilless culture systems [48] . In fact, it was reported that the nutrient reservoirs of hydroponic systems can be a source of contamination [49, 50] . Enteric pathogens are facultative anaerobic bacteria [44, 51] . The average DO levels observed in our study were sufficient to allow the growth of E. coli O157:H7, Listeria spp., and Salmonella spp. The implication of these environmental conditions is that pathogenic bacteria can grow in greenhouse-based aquaponic and hydroponic systems if they are introduced by any means. We tested the presence of STECs in fish feces in the aquaponic and aquaculture systems and found STECs in fish feces and the water regardless of the system ( Table 3 ). The colonies were confirmed after incubation at 37 • C for 20 h and detected by PCR targeting of the stx1 gene ( Figure S2 ). STEC were also detected on the root surfaces but were not found to internalize into the roots or the edible parts of lettuce, basil, and tomato grown in the aquaponic system (Table 3; Figure S2 ). These results indicated that water contaminated by fish feces is likely the primary source of root surface contamination.
Irrigation water is often a major source of contamination in outbreaks associated with bacterial pathogens, and this can be particularly true for the field-grown vegetables due to overhead irrigation with contaminated water, damaged roots and shoots by herbivores, and/or groundwater contamination by a plume of wastewater [49, [52] [53] [54] . However, our study suggests that there is a potential risk associated with aquaponic produce even when the solutions are directly applied to the roots due to water contamination. Our separate aquaculture system confirmed that fish feces were a major source of contamination with STEC in the aquaponic system. These results indicate that introducing contaminated fish can be a source of foodborne pathogens in aquaponics. Previous work has shown that, when fish were reared in ponds where the concentration of coliforms was low, a small number of E. coli O157:H7 cells were recovered from fish intestines but not fish muscle [55, 56] . The bacterial intestinal flora of fish can survive up to 84 days in water at 20-30 • C [57, 58] . Therefore, Tilapia fish used in this study may have been contaminated before receipt, and the STEC could have been introduced by the fish to the tanks, contaminating the water in the aquaponic systems. Importantly, the contaminated water did not lead to the internalization of STEC into the roots and edible parts of lettuce, basil, and tomato grown in the aquaponic systems suggesting the main source of contamination during production would be from accidental splash of the water to the edible portions of the plant during harvest (Table 3 ; Figure S2 ). Table 3 . Occurrence of STEC, L. monocytogenes, and Salmonella spp. in recirculating water and the roots and leaves, and/or fruit of lettuce and basil, and the roots, and fruit of tomato grown in aquaponic and hydroponic systems.
Vegetable
Tissue Type Shiga Toxin-Producing E. coli L. monocytogenes Salmonella spp.
Aquaponics Hydroponics Aquaponics Hydroponics Aquaponics Hydroponics
Lettuce STEC were also detected in the water of the hydroponic systems. The bacteria may have been introduced accidentally to the hydroponic systems during experimental setup or handling, possibly allowing the formation of biofilms on the surfaces of the hydroponic culture unit, nutrient reservoir, and/or irrigation tubing. A variety of factors, such as water temperature, pH, nutrient availability, solar radiation, the presence of other microorganisms, and the ability to form biofilms, influence both survival and proliferation of STEC in water [57, 59, 60] . STEC concentrations in irrigation water are also affected by diurnal and seasonal variations [61] . In fact, the biofilm of E. coli O157:H7 can grow rapidly and have a high number of adherent cells, even at low nutrient availability and low temperature [62, 63] . Once formed, it is hard to remove them from the system because the biofilm increases the survival rate of E. coli O157:H7 even if exposed to hydrogen peroxide, quaternary ammonium sanitizer, or citric acid [64] . Therefore, we speculate that the hydroponic systems in this study may have been contaminated with STEC due to incomplete sanitation before cultivating plants.
Human activities can also increase the risk of contamination. In a study to determine the source of contamination in hydroponic tomato greenhouses, work and personal shoes were identified as a vehicle for transmission of E. coli O157:H7 [65] . In this study, there is the possibility that the bacteria may have been introduced from the aquaponic system to the hydroponic systems from visitors to the greenhouse, during the feeding of fish, during sample collection, and/or by cross-contamination from other human activities [15, 66] . Contrary to our results, very low levels of generic E. coli and undetectable pathogenic E. coli O157:H7 and Salmonella spp. were found in water and plant samples of aquaponic produce originated from outdoor aquaponic farms located in a tropical climate [67] . In their study, solar radiation and heat might have played a key role in controlling the bacterial levels in the system [68, 69] . However, the results cannot be translated into the indoor aquaponic and hydroponic systems located in a temperate climate since solar radiation is often limited, and the environmental conditions are very different from the situation in a tropical climate.
Our results indicated that contamination with bacterial pathogens could likely be reduced in aquaponic and hydroponic systems if the entire systems were thoroughly sanitized before each use and pathogen-free fish were used for the operation. One of the major routes of enteric pathogen internalization is through sites of biological or physical damage and/or through natural openings on the plant surface, such as stomata, lenticels, and sites of lateral root emergence [4] . The contaminated irrigation water in our study did not have direct contact with the edible aerial parts of the plants as there was a foam board between the water and the plants, and the plants were not disturbed until harvest. It should be noted that damaged roots during handling would create entry points for the bacterial pathogens, and, therefore, the risk of contamination can be avoided if the plant tissues, particularly the roots, are carefully handled during production and harvest. Similarly, previous reports found that foodborne illness was controlled in aquaponics when the following practices were performed: cleaning and sanitation of reusable plastic containers, environmental controls, handwashing, and the use of clean irrigation water [70, 71] .
E. coli can also be internalized if contaminated seeds or water are used during seed germination [4, 72] . That no internalization was observed in the present study suggested that the seeds and seedlings were free of foodborne pathogens. Several studies demonstrated that bacterial pathogens can contaminate fresh produce in the greenhouse if it is not protected from wild animals or heavy rain causing a flood [65] ; however, this possibility can be eliminated as the source of contamination in this study because the plants were grown in a well-protected greenhouse.
While the optimal water temperature and the pH pose a potential contamination concern with L. monocytogenes in aquaponic and hydroponic systems (Table 1) , our selective growth medium and colony PCR assay did not detect the occurrence of L. monocytogenes in fish feces, recirculating water, and plants grown in the systems. These results suggest that there was no contamination source of L. monocytogenes in either system (Table 3 ; Figure S2 ). One source of L. monocytogenes is from the soil, and there was no soil in the greenhouse during this experiment. Other potential sources of L. monocytogenes are human activities and contaminated seeds. In the event of pathogen introduction to the systems, L. monocytogenes can internalize through natural openings on the plant surface or through the sites of biological or physical damage [4] . Although the fish feces or human activities were demonstrated as potential sources of contamination with STEC, our results showed that these were not the major sources of contamination for L. monocytogenes, and the production practices employed in this study were not associated with the risk of contamination with L. monocytogenes in either system.
Similarly, various environmental factors, such as nutrient, pH, and water temperature, affect the population of Salmonella spp. [43] . The optimal pH range for the growth of Salmonella spp. is between 6.5 and 7.5, and the temperature range is between 20 and 30 • C in the soil [40] . Our results showed that there were no Salmonella spp. in water samples collected from fish tanks, nutrient reservoirs, or hydroponic culture units, although the pH and temperature were within the optimal range for their growth and the nutrient level was sufficient to allow the growth of Salmonella spp. in both systems (Table 1) . Further, Salmonella spp. were not present in fish feces or the roots and edible portions of plants (Table 3 ; Figure S2 ). Outbreaks associated with fruits and vegetables contaminated with Salmonella spp. have also been attributed to contaminated irrigation water sources [73] . It should be noted that we used reverse osmosis water to fill and replenish the systems. It is apparent that the plants in the aquaponic and hydroponic systems did not have contact with contamination sources of Salmonella spp. A previous study reported that tomato fruit was not contaminated with Salmonella spp. even when the nutrient solution was inoculated with an avirulent strain of S. Typhimurium at a level of 10 5 colony-forming units (CFU)/mL in a hydroponic system [50] and when the plants were irrigated with 350 mL of 10 7 CFU/mL of S. Montevideo every 2 weeks for 10 weeks [74] .
Conclusions
This study demonstrated that there is a potential risk of pathogen contamination in fresh produce grown in indoor aquaponic and hydroponic systems. STEC was found in fish feces, the recirculating water, and on the plant root surfaces in both aquaponic and hydroponic systems. Importantly, the bacteria did not internalize in the roots or the edible parts of plants regardless of the production system. Fish feces were considered the major source of the pathogenic bacteria in the aquaponic system, possibly due to the introduction of contaminated fish. Therefore, it is essential to follow proper handling, cleaning, and sanitizing practices to minimize the risk of contamination of fresh fruit and vegetables grown in an aquaponic system.
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